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(57) ABSTRACT 

A region-growing method for identifying nodules in an 
anatomical volume segments a 3-D image volume by con 
trolled voXel groWth from seed points. The process is based 
on creation and use of a distance map for tracking the 
distance of vessel voXels from a predetermined location. A 
volume map is created that identi?es the largest sphere that 
can pass betWeen a voXel and a predetermined location 
Without touching a non-vessel voXel. The ratio betWeen the 
distance map and the volume map is analyzed to ?nd regions 
more likely to contain nodules, the features of Which can be 

Aug. 24, 2001. extracted or otherWise highlighted. 
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FIG. 1 
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FIG. 9(a) 
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FIG. 9(b) 
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VESSEL SEGMENTATION WITH NODULE 
DETECTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Related applications are: 

[0002] “Density Nodule Detection in 3-Dimensional 
Medical Images,” attorney docket number 8498-035-999, 
?led concurrently hereWith; 

[0003] “Method and System for the Display of Regions of 
Interest in Medical Images,” Serial No. , ?led Nov. 
21, 2001, attorney docket number 8498-039-999; 

[0004] “Automated Registration of 3-D Medical Scans of 
Similar Anatomical Structures,” attorney docket number 
8498-043-999, ?led concurrently hereWith; 

[0005] “Lung Field Segmentation From CT Thoracic 
Images,” attorney docket number 8498-044-999, ?led con 
currently hereWith; 
[0006] “Pleural Nodule Detection from CT Thoracic 
Images,” attorney docket number 8498-045-999, ?led con 
currently hereWith; and 

[0007] “Graphical User Interface for Display of Anatomi 
cal Information,” Serial No. , ?led Nov. 21, 2001, 
attorney docket number 8498-052-999, claiming priority 
from Serial No. 60/252,743, ?led Nov. 22, 2000 and from 
Serial No. 60/314,582 ?led Aug. 24, 2001. 

[0008] This application hereby incorporates by reference 
the entire disclosure, draWings and claims of each of the 
above-referenced applications as though fully set forth 
herein. 

FIELD OF THE INVENTION 

[0009] The present invention relates to feature extraction 
and identi?cation by segmenting an image volume into 
distinctive anatomical regions. The invention further relates 
to methods for identifying nodules in segmented images. 

BACKGROUND OF THE INVENTION 

[0010] The diagnostically superior information available 
from data acquired from various imaging systems, espe 
cially that provided by multidetector CT (multiple slices 
acquired per single rotation of the gantry) Where acquisition 
speed and volumetric resolution provide exquisite diagnos 
tic value, enables the detection of potential problems at 
earlier and more treatable stages. Given the vast quantity of 
detailed data acquirable from imaging systems, various 
algorithms must be developed to efficiently and accurately 
process image data. With the aid of computers, advances in 
image processing are generally performed on digital or 
digitiZed images. 
[0011] Digital acquisition systems for creating digital 
images include digital X-ray ?lm radiography, computed 
tomography (“CT”) imaging, magnetic resonance imaging 
(“MRI”) and nuclear medicine imaging techniques, such as 
positron emission tomography (“PET”) and single photon 
emission computed tomography (“SPECT”). Digital images 
can also be created from analog images by, for example, 
scanning analog images, such as typical x-rays, into a 
digitiZed form. Further information concerning digital 
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acquisition systems is found in our above-referenced 
copending application “Graphical User Interface for Display 
of Anatomical Information”. 

[0012] Digital images are created from an array of numeri 
cal values representing a property (such as a grey scale value 
or magnetic ?eld strength) associable With an anatomical 
location referenced by a particular array location. In 2-D 
digital images, or slice sections, the discrete array locations 
are termed pixels. Three-dimensional digital images can be 
constructed from stacked slice sections through various 
construction techniques knoWn in the art. The 3-D images 
are made up of discrete volume elements, also referred to as 
voxels, composed of pixels from the 2-D images. The pixel 
or voxel properties can be processed to ascertain various 
properties about the anatomy of a patient associated With 
such pixels or voxels. 

[0013] Once in a digital or digitiZed format, various ana 
lytical approaches can be applied to process digital anatomi 
cal images and to detect, identify, display and highlight 
regions of interest (ROI). For example, digitiZed images can 
be processed through various techniques, such as segmen 
tation. Segmentation generally involves separating irrel 
evant objects (for example, the background from the fore 
ground) or extracting anatomical surfaces, structures, or 
regions of interest from images for the purposes of anatomi 
cal identi?cation, diagnosis, evaluation, and volumetric 
measurements. Segmentation often involves classifying and 
processing, on a per-pixel basis, pixels of image data on the 
basis of one or more characteristics associable With a pixel 
value. For example, a pixel or voxel may be examined to 
determine Whether it is a local maximum or minimum based 
on the intensities of adjacent pixels or voxels. 

[0014] Once anatomical regions and structures are con 
structed and evaluated by analyZing pixels and/or voxels, 
subsequent processing and analysis exploiting regional char 
acteristics and features can be applied to relevant areas, thus 
improving both accuracy and efficiency of the imaging 
system. For example, the segmentation of an image into 
distinct anatomical regions and structures provides perspec 
tives on the spatial relationships betWeen such regions. 
Segmentation also serves as an essential ?rst stage of other 
tasks such as visualiZation and registration for temporal and 
cross-patient comparisons. 

[0015] One application of digital acquisition systems is 
detection and con?rmation of cancer, cancerous nodule or 
disease. Unfortunately, in all too many cases, this applica 
tion is merely to con?rm the Worst. By the time a patient has 
symptoms enough that Warrant the use of digital acquisition 
systems, the cancer or disease detected by digital acquisition 
systems may have progressed to the point that the patient is 
almost certain to die or faces irreversible or interminable 
illness. It is desirous to ?nd a cost-effective Way to use 
digital acquisition systems as a screening device to detect 
cancer or disease at an early and treatable stage. 

[0016] One technique of image processing is knoWn as 
“volume groWing” or “region groWing”. Region groWing 
techniques, as opposed to edge-based segmentation tech 
niques, are particularly effective in noisy images since edges 
in noisy images are extremely dif?cult to detect. In region 
groWing, generally a seed voxel, or volume element, is 
identi?ed Within an anatomical structure of interest. GroWth 
from a seed voxel is controlled by adding voxels so long as 
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the resulting region or chain, or tree, of voXels generally 
remains Within prescribed limits. 

[0017] Key issues in digital image processing are speed 
and accuracy. For example, the siZe of a detectable tumor or 
nodule, such as a lung nodule, can be smaller than 2 mm in 
diameter. Moreover, depending on the particular case, a 
typical volume data set can include several hundred aXial 
sections, making the total amount of data 200 Megabytes or 
more. Thus, due to the sheer siZe of such data sets and the 
desire to identify small artifacts, computational ef?ciency 
and accuracy is of high priority to satisfy the throughput 
requirements of any digital processing method or system. 

SUMMARY OF THE INVENTION 

[0018] The present invention is a system for ef?ciently 
detecting and highlighting anatomical information obtained 
from a digital acquisition system. In particular, seeds are 
identi?ed and groWn into regions in a controlled manner. 
The regions processed to highlight potentially cancerous 
nodules and other particles or objects. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] These and other objects, features and advantages of 
the invention Will be more readily apparent from the fol 
loWing detailed description of the invention in Which: 

[0020] FIG. 1 depicts an aXial CT section of a digital 
thoracic image With various vessel cross-sections and par 
ticles shoWn; 

[0021] FIG. 2 is a representation of voXel seeds applied 
for groWing vessels near a heart; 

[0022] FIG. 3 is a process ?oW chart of the vessel groWing 
and nodule detection approach in accordance With the inven 
tion 

[0023] FIG. 4 is a Width distance map generated in 
accordance With one aspect of the invention; 

[0024] FIG. 5(a) is map of the Width-distance generated in 
accordance With one aspect of the invention; 

[0025] FIG. 5(b) is map of the WidthCap values generated 
in accordance With one aspect of the invention; 

[0026] FIG. 5(c) is map of the ratio of the Width-distance 
to the WidthCap values generated in accordance With one 
aspect of the invention; and 

[0027] FIG. 6 depicts the aXial section of FIG. 1 as 
processed in accordance With an embodiment of the present 
invention Wherein the vessels are removed and a nodule 
candidate remains; 

[0028] FIG. 7 depicts a process ?oW chart for processing 
the results of vessel groWing against the results of an 
angiocardiographic procedure; and 

[0029] FIG. 8 depicts a process ?oW chart for processing 
the results of vessel groWing. 

[0030] FIG. 9(a) is a digital image shoWing various ves 
sels With possible nodule candidate. 

[0031] FIG. 9(b) is the digital image of FIG. 9(a) With 
vessels and nodules removed. 

Jul. 11, 2002 

[0032] FIG. 9(c) is the digital image of FIG. 9(b) With 
restored nodules in accordance With the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] Modem CT scanners, particularly multidetector 
scanners Which acquire more than one slice per gantry 
rotation, provide structural data of unprecedented quality 
due to their favorable volumetric resolution and acquisition 
speed. This data has superior diagnostic value, enabling the 
detection of potential cancers or other health problems at 
early and more treatable stages. Similarly, detecting a par 
ticle or obstacle that can restrict the ?oW of blood is helpful 
in assessing the health of a patient regarding the adequate 
?oW of blood to vital organs. 

[0034] Within various images of the anatomy, such as 
images including the lungs or the heart or portions thereof, 
numerous grey ?ecks may appear on a CT aXial scan or other 

digital image. For the most part, these ?ecks may be sections 
of blood vessels that have absorbed suf?cient X-rays to be 
visible in the grey scale image. FIG. 1 depicts a digital aXial 
section of a thoracic region With various visible cross 
sections of blood vessels scattered throughout the image. 
These vessels can be identi?ed by ?nding contiguously 
aligned ?ecks in adjacent aXial or other planar sections and 
folloWing such structures through the planar sections long 
enough to establish that they are indeed sections of blood 
vessels. Some ?ecks, hoWever, may be cancerous nodules or 
particles capable of restricting blood ?oW in blood vessels or 
to organs. For example, potentially cancerous nodules are 
generally recogniZable by their globular shape and their 
isolation from other anatomical structures. Nonetheless, 
successfully detecting nodules can be dif?cult due to the 
subtlety of nodules themselves, the similarity of the nodules 
to normal anatomic information in the nodule background 
and background image noise. 

[0035] A region-groWing (or volume-groWing) approach 
applied to a series of digital anatomical images can assist in 
separating blood vessels from possible nodules. Further 
processing can assist in the identi?cation of potentially 
cancerous or troublesome nodules in an anatomic system. 
For region-groWing, generally a 3-D seed voXel, or volume 
element, is identi?ed Within the anatomical structure of 
interest. A region is groWn from the seed voXel (or volume 
element) by adding neighboring piXels (or voXels) that are 
similar, increasing the siZe of the region. In region-groWing 
about a seed voXel, nearby voXels are successively analyZed 
and identi?ed as belonging to the same structure if such 
voXels adjoin a voXel already identi?ed as belonging to the 
structure and if the voXels satisfy a condition generally 
representative of some physical attribute or other processing 
characteristic. In various region-groWing methods, a volume 
element is identi?ed as a seed, and some number of nearby 
voXels are analyZed to determine Whether such adjacent 
volume is to be considered as associated With the seed voXel 
for further processing. Whether a nearby voXel is to be 
considered part of the region groWn from the seed is 
generally depends upon a determination Whether an attribute 
associated With a candidate voXel is Within a speci?ed range 
of values. If so, such adjacent voXels are marked as belong 
ing to the structure “groWn” from the seed. 

[0036] FIG. 2 is a schematic representation of a digital 
image of a heart and circulatory system 200 useful in further 
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description of an embodiment of the present invention. The 
system includes a heart 210 for circulating blood through 
various blood vessels, such as vessels 225, 250, 265 and 270. 
As can be seen in FIG. 2, the vessels can vary in diameter 
and length. In a healthy body, a blood vessel that originates 
at the heart 210 is larger in diameter than vessels that 
ultimately branch from it. As blood vessels carry blood 
further from the heart, vessels branch into smaller diameter 
vessels. For example, vessel 225 is shoWn originating from 
the heart and branching into smaller vessels 250 and 265. 
Vessel 270 is shoWn branching from a larger vessel 265. 
Similarly, vessels returning blood to the heart combine to 
form larger and larger vessels as they get closer to the heart. 

[0037] In a region-groWing approach, the Widths of vari 
ous vessels can be determined at various locations along a 
particular vessel or vessel segment. Each Width corresponds 
to the radius of the largest sphere that can pass through the 
vessel at that location. For example, for vessel 225, vessel 
Widths 230 and 235 correspond to particular Widths along 
the vessel. Similarly, vessel 250 has vessel Widths at 240 and 
245 that correspond to the largest siZed particle that can pass 
at their respective locations. Vessel 265 has vessel Widths at 
255 and 260 that correspond to the largest siZed particle that 
can pass at their respective locations. As shoWn, vessels 225, 
250 and 265 are healthy vessels as the vessel Width along 
each vessel is relatively even and smooth. Vessel 270 is 
shoWn having a vessel Width 290. In a normally healthy 
vessel, the Width of vessel 270 Would remain approximately 
that of Width 290 out toWards location 275. HoWever, a 
bulge 280 having a diameter greater than the effective vessel 
Width 290 is shoWn in vessel 270. The bulge represents a 
candidate location for further analysis. 

[0038] While bulge 280 could be internal to the vessel and 
caused by an aneurysm, it might also be due to the presence 
of a nodule external to vessel 270. Distinguishing nodules 
from vessels in digital images is difficult. Nodules often 
appear on digital images as having the same density of a 
blood vessel. Since pixels of nodules in a digital image are 
very similar to pixels of vessels, information from pixels 
containing nodule information can be combined With infor 
mation relating to vessels, resulting in an apparent vessel 
bulge in one or more vieWs. If the vessel itself is actually 
bulging due to the presence of a particle inside the vessel, 
there is often a taper 295 associated With an actual vessel 
bulge. HoWever, given the possible non-uniform and globu 
lar shape of nodules, a taper 295 may still appear in a 
particular vieW caused by the presence of an external nodule. 
Additionally, bulge 280 may actually be a particle restricting 
How of blood to and from the heart and to or from the 
anatomical region served by vessel 270. Whether an aneu 
rysm, blockage or a nodule, the apparent bulge region is 
certainly a candidate for further investigation. 

[0039] In one embodiment of the present invention, seed 
voxels for region-groWing are shoWn at 220, Where blood 
vessels originate from or terminate at the heart 210. The seed 
voxels can be groWn into blood vessel trees by Way of 
various region-groWing approaches knoWn in the art. Track 
ing of various vessel Widths as determined by a region 
groWing approach can be used to identify possible nodules 
external to but touching an actual vessel. Anodule appearing 
attached to a vessel causes the Width of the vessel to appear 
to increase at the location of nodule attachment. The simi 
larity of vessel voxels to nodule voxels causes the region 
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groWing algorithm to make a blood vessel appear to groW in 
Width (in the case of blood ?oW aWay from the heart) or 
possibly appear as a vessel shrinkage (for How to the heart). 

[0040] The application of a region-groWing approach 
described herein is effective in any portion of the anatomy 
containing distinct blood vessels, particularly the thoracic 
region. Since much of the lungs is comprised of blood 
vessels and air sacs, edges are often more clearly de?ned and 
vessels and nodules are generally more readily apparent 
against the lung tissue and background. Accordingly, in one 
approach vessel 225 can be a vessel providing blood to the 
lungs, and vessels 250 and 265 can provide blood to a 
respective lung. By continuing a region-groWing approach 
from the vessels providing blood to the lungs, the smaller 
blood vessels of the lungs can be identi?ed. Also, given the 
density of ?ne vessels and capillaries throughout the lungs, 
chances are high that nodule information on an image Would 
appear to shoW the nodule “touching” a blood vessel or 
capillary. 
[0041] FIG. 3 represents a process How chart 300 of a 
vessel groWing and nodule detection approach in accordance 
With the invention. The process How can be adapted to 
various anatomical systems such as system 200 or other 
anatomical regions including, Without limitation, the heart, 
brain, spine, colon, liver and kidneys. For illustrative pur 
poses, the digital processing approach is described With 
respect to system 200. As applied to the heart, the regions 
groWn correspond to blood vessels of a circulatory system. 

[0042] Region-groWing begins by identifying candidate 
seeds at step 310. In one approach of the present invention, 
seeds to be used in groWing blood vessels are found Where 
vessels join a heart-based portion of an anatomy. In other 
Words, a voxel is selected as a seed voxel if the voxel is part 
of a blood vessel and that voxel has at least one adjacent 
voxel face that is located on, or associated With heart 210. 
Seed voxels may also be selected as those voxels having a 
certain threshold intensity located in a anatomic ?eld region 
and Which have at least one adjacent voxel that is located on, 
or associated With, heart 210. 

[0043] In yet a further embodiment, a seed voxel is 
selected on the basis Whether the voxel has at least one 
adjacent voxel that is located on, or associated With, a heart 
region 210 and is Within a geometric volume that is posi 
tioned and siZed relative to the lungs to contain roots of 
blood vessel trees. These seeds form sheets that cut a vessel 
at its junction With a non-lung based portion of the anatomy, 
such as a heart. To attain reasonable processing ef?ciency, a 
predetermined threshold siZe for the geometric volume is 
selected. A loWer threshold siZe of the geometric volume 
element results in higher sensitivity and resolution in pro 
cessing. HoWever, too loW a threshold adds to computation 
burden. A geometric volume selected as an ellipsoid yields 
effective results in many cases. For detection over a smaller 
region, smaller ellipsoidal dimensions can be effective since 
processing computations are performed over a limited area, 
and therefore, the computational burden is not as large as 
performing the same processing over a larger region. In 
other embodiments, larger ellipsoidal radii can be used to 
select regions of interests, Which may then be further pro 
cessed With smaller ellipsoids, or other geometric shapes 
such as spheres or boxes. In other implementations, a single 
geometric structure may be used, based on knoWledge of the 
region being processed. 
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[0044] At step 320, once a seed voxel is identi?ed, adja 
cent voxels are added to the seed volume if such adjacent 
voxels satisfy a predetermined condition. Each voxel added 
to a volume groWth is itself processed like a seed voxel, With 
adjoining voxels analyZed to determine Whether their physi 
cal attributes are Within a prescribed range. This process 
continues, each iteration adding a volume of further accept 
able voxels to a groWth structure having evolved from the 
seed voxel. 

[0045] Sets of voxels groWn from seed voxels create 
volumes of the anatomical structure being analyZed. As 
applied to thoracic regions, vessel seeds can be groWn to 
mirror blood vessels in the lung. GroWth of adjacent voxel 
volumes continues until groWth in every direction is stopped 
by an absence of voxels meeting speci?ed physical criteria. 

[0046] In one embodiment, vessel seeds are used to groW 
contiguous voxels that have values greater than a threshold 
intensity level. In a further re?nement, the intensity values 
are smoothed. Further information concerning digitally seg 
menting, identifying and processing thoracic surfaces can be 
found, for example, in the above-referenced application 
“Density Nodule Detection in 3-Dimensional Medical 
Images”. In yet a further embodiment, a set of groWn voxels 
is used to seed the groWth of attached voxels that exceed a 
predetermined intensity threshold level in a Laplacian-of 
Gaussian (“LoG”) volume. LoG operations typically reduce 
the magnitude of noise in image datasets While keeping 
edges relatively sharp. By reducing such noise, it is easier to 
segment smaller vessels cleanly. Various LoG edge detection 
operators are knoWn in the prior art, for example Where 
Gaussian-shaped smoothing is performed prior to the appli 
cation of a Laplacian function. 

[0047] As various vessels are generated from seed voxels 
(i.e., as a vessel tree is generated), an array is created Which 
tracks the distance of each voxel from a seed location. In one 
embodiment applied to the lungs, a length-distance array is 
created that tracks the distance of each voxel from the heart, 
or from seed voxels described above. For the length-distance 
array, a value Would be Zero for the seed voxel and appro 
priately and correspondingly increase for voxels further 
aWay from the heart, such as along the length of the groWth 
region, or vessel. 

[0048] As noted above, since nodules in a digital image 
often appear very similar to vessels, information from pixels 
containing nodule information can be combined With infor 
mation relating to vessels, resulting in the apparent varia 
tions in vessel Widths. The variation in vessel Widths can be 
mapped and analyZed for purposes of identifying candidate 
nodules or regions of interest for further evaluation and 
consideration. 

[0049] An array 400 is produced at step 330 Which has as 
elements the value Zero for any non-vessel voxel and a value 
for each vessel voxel in a groWn region is that is proportional 
to the distance of that voxel to the nearest non-vessel voxel. 
As a result, along the center 420 of each vessel 410 in array 
400 there is a ridge 440 Whose height is directly proportional 
to the radius, R, of the vessel 410 at a particular planar 
section 430. A voxel located at the center 420 Will have a 
value associated With it that is equal to the radius, R, of the 
vessel at that location. The array 400 is referred to as the 
Width-distance arry. 

[0050] A sample pro?le of a Width-distance array is pro 
vided in FIG. 5(a). Segment 510 represents the height of 
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ridge 440. In general, the height of ridge 440 decreases With 
increasing distance from the heart as indicated by the 
doWnWardly sloping line segment 510. At point 520, hoW 
ever, a nodule is assumed to be attached to the vessel, such 
that the radius of the vessel increases rapidly as indicated by 
line segment 530. Segment 510 is not generally a straight 
line having the constant slope shoWn in FIG. 5, but is often 
pieceWise constant, decreasing abruptly When a vessel 
branches into smaller vessels. 

[0051] The next steps in the process How 300 relate to 
?nding and marking nodule candidates in vessel trees groWn 
in step 320. The process How 300 utiliZes information from 
the length-distance array created at step 320 to identify at 
step 340 a set of vessel voxels S that are Within a prescribed 
distance from the heart. 

[0052] At step 340, the maximum value in the Width 
distance array from step 330 associated With the vessel 
voxels S is set as the Max_Width_Threshold and the mini 
mum value in the Width-distance array from step 330 
associated With the vessel voxels S is set as Min_ 
Width_Threshold. Avariable, Width_threshold, is initialiZed 
to the Max_Width_Threshold value and iteratively 
decreased until the value of Width_threshold reaches the 
Min_Width_Threshold. During the iteration process, for 
each value of Width_threshold, S is expanded to include any 
voxel adjacent to a voxel in S Whose value in the Width 
distance array is greater or equal to Width_threshold, and 
each neWly added voxel is given the current value of 
Width_threshold. During the iteration process, neW voxels 
for the set S can be identi?ed and obtained from the 
length-distance array. The value assigned a given vessel 
voxel is proportional to the radius of the largest sphere that 
can pass betWeen that voxel and the heart Without touching 
a non-vessel voxel. The process at step 340 effectively 
captures the Width of the narroWest constriction betWeen the 
given voxel and predetermined region (the “WidthCap 
value”), such as the heart. A sample pro?le of WidthCap 
values is provided in FIG. 5(b). Segment 540 corresponds to 
vessel Widths of a healthy vessel segment having no nodules 
attached thereto. HoWever, at the point Where a nodule is 
attached (thereby increasing the vessel Width), the WidthCap 
value for segment 550 Will not increase. For example, a 
nodule With a radius of 3 mm attached to a 1 mm radius 
vessel Will not have a WidthCap value greater than 1 mm. 
Instead, the Width of the nodule is captured in the Width 
distance array of step 330. 

[0053] Once the WidthCap values are created at step 340, 
a ratio of the corresponding values in the Width-distance 
array to their corresponding WidthCap values can be taken 
at step 350. For such a ratio, non-vessel voxels have a value 
of Zero. Within the vessels, the minimum, and most com 
mon, value is 1. Ratios greater than ‘1’ indicate a region of 
a greater than expected radius, or a “bulge”. Apro?le of the 
ratio can be seen in FIG. 5(c) Where the ratio is ‘1’ along 
segment 560 until the point Where the ratio is above ‘1’ 
along segment 570, and hence, the “bulge” created in the 
pro?le. 

[0054] Once the ratios are taken at step 350, nodule 
candidates can be selected at step 360. Contiguous regions 
of voxels With ratios computed at step 350 of more than ‘1’ 
can be segmented and analyZed With respect to various 
features to identify regions more likely to be nodules as 
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opposed to, for example, stretches of vessels downstream of 
an arti?cial constriction caused by an artifact of a vessel 
groWing method. Some features used for selection of con 
tiguous regions as candidate nodules include the ratio deter 
mined at step 350, the difference of the maximum and 
minimum length-distance array values determined at step 
320, the distance from the most doWnstream point in a 
region to the end of a vessel, and the volume of the region. 
Selected regions of excess Width can be identi?ed or high 
lighted. A restored nodule from the axial image of FIG. 1 
can be seen in FIG. 6. 

[0055] While ratios are taken at step 350, it is possible to 
obtain similar results Without taking the ratio or creating the 
second array of values. In one approach, slopes of the Widths 
of a single vessel can be processed simply to identify 
possible maxima and minima associated With a change in 
slopes. Such a change in slope can be indicative of vessel 
narroWing in a region Where a vessel is expected to continue 
to broaden or can be indicative of vessel broadening Where 
a vessel Was expected to continue to narroW. 

[0056] In another aspect of the present invention, once a 
region-groWing procedure has identi?ed various vessel pix 
els or voxels, such vessels can be removed from a digital 
image or image data set. This removal of the vessels is 
possible since pixels and/or voxels have been identi?ed by 
a region-groWing technique and can effectively be removed 
or ignored in further processing, particular if the vessels do 
not appear as unhealthy or having possible nodules. By 
removing vessel pixels or voxels from data images, or 
ignoring such pixels or voxels in further processing, the 
remaining portion of the images or volumes can be pro 
cessed separately, thereby reducing computational burden 
and permitting any remaining image portion to be processed 
further. For example, various segmentation or smoothing 
operations can be performed on the remaining anatomy to 
detect abnormalities or unhealthy tissue. 

[0057] The present invention is also highly effective When 
used With or applied to an angiocardiographic procedure. In 
such a procedure, a contrast medium is injected into an 
artery or vein, or introduced into a catheter inserted in a 
peripheral artery and threaded through the vessel to a 
particular site. Advantageously, When a contrast medium or 
dye is injected into the heart or blood vessels, the contrast 
medium makes the vessels more intense and/or more de?ned 
in x-rays or images obtained from various imaging systems. 
An angiocardiographic procedure can often be easily per 
formed at the same time typical digital images are obtained 
from a digital acquisition system. 

[0058] In areas of possible blockage in both analog and 
digital angiograms, the contrast media appears less bright 
and less intense. Since the angiogram can be acquired in a 
digital or digitiZed form, the results of a region-groWing 
algorithm can be used to map or compare against the trace 
or outlines of the blood vessels and organ chambers iden 
ti?ed by the angiogram. Results of an angiogram can be 
combined With detailed computer results of the region 
groWing procedure to identify areas of possible blockage, 
possible aneurysm locations, identify possible embolisms 
and other health problems associated With vessel blockage. 
While the results of angiograms generally are simply visu 
ally processed by medical personnel, the ability to process 
With a computer the results of the region-groWing procedure 
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With the angiogram makes it possible to identify ROIs that 
may otherWise be overlooked. Additionally, possible areas 
of concern can be highlighted on digital angiograms to assist 
With identi?cation and facilitate medical diagnosis. 

[0059] FIG. 7 represents one process for combining sepa 
rate results from an angiocardiographic procedure With 
information obtained from a digital acquisition system. In 
process 700, an angiogram 710 of a patient is obtained by a 
standard angiocardiographic procedure. The angiogram is 
converted to or obtained as a digital or digitiZed image at 
step 720. Pixel or voxel data obtained from step 720 
representative of pixel or voxel intensities are stored for use 
in a digital comparison or mapping at step 750. 

[0060] Images of the patient are also detected from a 
digital acquisition system at step 730. Various region-groW 
ing procedures performed at step 740 on the digital data 
obtained from the digital images at step 740. The results of 
the pixel or voxel data obtained from step 720 are compared 
to the results of the pixel or voxel data obtained from 
region-groWing procedure. The results are processed at step 
760 based on differences identi?ed at the mapping or com 
parison step 750. For example, the results from the angio 
gram might not shoW suf?cient contrast media at a particular 
location. The absence or faint appearance of a blood vessel 
in an angiogram may go unnoticed. HoWever, the results of 
the region-groWing Would shoW voxels of a vessel in a 
location not detected in the angiogram. Various comparison 
techniques in the art can be used to highlight differences in 
results obtained from the angiogram and from the region 
groWing procedure. These differences can alert doctors to 
potential problem or areas requiring further investigation or 
testing. 

[0061] While process 700 depicts the angiogram 710 
being obtained distinctly and separately from digital image 
processing performed at step 730, FIG. 8 shoWs a process 
800 Where the region groWing procedure is performed 
directly on the results from a angiocardiographic procedure. 
For example, an angiocardiographic procedure is performed 
on a patient at step 810. The procedure results in a digital or 
digitiZable angiogram. Image intensities associated With 
pixels or voxels of the angiogram are stored. At step 820, 
region groWing is performed directly on the angiocardio 
graphic data or on digital images obtained from the angio 
cardiographic procedure. For example, seed pixels or voxels 
are identi?ed and groWn in accordance With certain criteria. 
The region-groWing procedure is used to provide data to 
compare or check against the angiogram. Step 830 is used to 
highlight differences in the result obtained from the angio 
gram and from the results obtained by the region-groWing 
procedure. Highlighted differences can be indicative of 
arterial blockages, possible aneurysms or other possible 
circulatory problems. 

[0062] The processes identi?ed in FIGS. 7 and 8 can be 
used as a diagnostic aid in a variety of applications, includ 
ing, Without limitation, in myocardial infarction, vascular 
occlusion, calci?ed atherosclerotic plaques, cerebrovascular 
accident, portal hypertension (e.g., from liver failure), kid 
ney neoplasms, renal (kidney) artery stenosis as a causative 
factor in hypertension, pulmonary emboli, and congenital 
and acquired lesions of pulmonary vessels. Cerebral angiog 
raphy is used to demonstrate the presence of an aneurysm 
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Within the brain or to help visualize a brain tumor prior to 
surgery. The present invention is effective With these and 
other procedures. 

[0063] The methods described herein do not require the 
explicit segmentation of vessel segments, branches or any 
other structures Within the vessel trees. Thus, the methods 
are considered robust and does not pose a signi?cant com 
putational burden. The methods can also result in the detec 
tion of non-vascular structures such as nodules, airWay 
Walls, atalectesis (local collapse), thickened ?ssures and 
?uid collected in the posterior portion of a lung. 

[0064] FIG. 9(a) is a representative digital image to be 
processed in accordance With the invention. The region 
groWing procedure in accordance With the invention is 
applied to the image in FIG. 9(a) to generate the image in 
FIG. 9(b) by removing piXels associated With vessels and 
nodules. FIG. 9(c) is the digital image of FIG. 9(b) With 
nodules identi?ed and restored in accordance With another 
aspect of the present invention. 

[0065] The approaches described herein enhance the diag 
nostic value of the scans obtained from digital acquisition 
systems as Well as enable the diagnostic determination by a 
physician in the effort to detect abnormalities at early and 
curable stages. Potentially unhealthy tissue is identi?ed or 
otherWise highlighted for a region Where, in prior 
approaches, such unhealthy tissue may go undetected or 
unnoticed. Pre- and post-processed images can be compared 
in a registration system. In addition, images taken at differ 
ent times can be processed so as to monitor progression of 
a nodule or other regions of interest. 

[0066] As Will be apparent to those skilled in the art, 
numerous modi?cations may be made in the display of the 
present invention that are Within the scope and spirit of the 
invention. While the invention has been described in a 
particular conteXt of CT scanning of the lungs to detect 
potentially cancerous regions, the invention may also be 
used to display the results of digital scanning of other 
regions of the body and for other applications as Well as to 
display the results of other digital acquisition systems. 

What is claimed: 
1. A method for detecting a candidate nodule from ana 

tomical images comprising the steps of: 

selecting a seed voXel from a volume created from the 
anatomical images; 

groWing a region from the seed voXel, said region de?ned 
by a volume made up of voXels contiguous to the seed 
voXel and satisfying groWth criteria; 

creating a ?rst array having ?rst array values that relate 
each voXel of the region to a ?rst voXel distance; 

creating a second array having second array values that 
relate each voXel of the region to a second voXel 
distance; and 

processing a ratio of a ?rst array value to a corresponding 
second array value to determine a candidate nodule 
location. 

2. The method of claim 1 Wherein the seed voXel is part 
of a blood vessel. 
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3. The method of claim 1 Wherein the seed voXel is part 
of a blood vessel and at least one voXel face is associated 
With a heart or heart region. 

4. The method of claim 1 Wherein the seed voXel exceeds 
a threshold intensity level. 

5. The method of claim 1 Wherein the seed voXel is 
selected Within a geometric volume containing roots of 
blood vessel trees. 

6. The method of claim 5 Wherein the geometric volume 
is an ellipsoid. 

7. The method of claim 1 Wherein the groWth criteria for 
adding voXels to the region is Whether a voXel has an 
intensity level greater than a threshold. 

8. The method of claim 1 Wherein the groWing of a region 
stops once a predetermined number of voXels is added to the 
region. 

9. The method of claim 1 Wherein the groWth criteria for 
adding voXels to the region is Whether a voXel has an 
intensity level greater than a threshold in a Laplacian-of 
Gaussian volume. 

10. The method of claim 1 further including the step of 
performing noise reduction on the volume created from the 
anatomical images. 

11. The method of claim 1 further including the step of 
creating a distance map Which tracks the distance of each 
voXel in the region from a predetermined location. 

12. The method of claim 11 Wherein the predetermined 
location is the seed voXel. 

13. The method of claim 11 Wherein the predetermined 
location is a heart. 

14. The method of claim 11 Wherein the predetermined 
location is a kidney, liver, spleen or brain. 

15. The method of claim 1 further including the step of 
detecting variations in a Width of the region. 

16. The method of claim 1 Wherein the region corresponds 
to a vessel volume. 

17. The method of claim 1 Wherein the region is a blood 
vessel. 

18. The method of claim 1 Wherein the ?rst voXel dis 
tances are distances of the voXels in the region to the seed 
voXel. 

19. The method of claim 1 Wherein the ?rst voXel distance 
is a distance of a voXel in the region to a heart or heart 
region. 

20. The method of claim 1 Wherein the second voXel 
distances are distances of a voXel in the region to nearest 
voXels outside the region. 

21. The method of claim 1 Wherein the step of processing 
a ratio further includes identifying as candidate nodules 
voXels resulting in ratio greater than ‘1’. 

22. Acomputer system including softWare for identifying 
candidate nodules in a series of digital images of the lung: 

logic code for selecting a seed voXel from a volume 
created from the digital images; 

logic code for groWing a region from the seed voXel, said 
region de?ned by a volume made up of voXels con 
tiguous to the seed voXel and satisfying groWth criteria; 

logic code for creating a ?rst array having ?rst array 
values that relate each voXel of the region to a ?rst 
voXel distance; 
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logic code for creating a second array having second array 
values that relate each voXel of the region to a second 
voXel distance; and 

logic code for processing a ratio of ?rst array values to a 
corresponding second array values to determine one or 
more candidate nodule locations. 

23. The computer system of claim 22 Wherein the region 
is a blood vessel tree. 

24. A method for detecting a candidate nodule frorn 
anatornical irnages comprising the steps of: 

selecting a seed voXel from a volume created from the 
anatomical irnages; 

groWing a region from the seed voXel, said region de?ned 
by a volume made up of voXels contiguous to the seed 
voXel and satisfying groWth criteria; 

creating a ?rst array having ?rst array values associated 
With Widths of a vessel; and 

processing the ?rst array values by identifying local 
rnaXirna or rninirna of the Widths of a vessel to deter 
mine a candidate nodule location. 
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25. A method for detecting frorn anatornical images a 
candidate location of a blockage in a vessel comprising the 
steps of: 

selecting one or more seed voXels from a volume created 

from the anatomical irnages; 

groWing a ?rst region from s seed voXel, said region 
de?ned by a volume made up of voXels contiguous to 
the seed voXel and satisfying a ?rst set of groWth 

criteria; 

groWing Within the ?rst region a second region, said 
second region de?ned by a volume made up of voXels 
contiguous With the seed voXels and satisfying a second 
set of groWth criteria; and 

analyZing one or more portions of the ?rst region that are 
not included in the second region based on the voXel 
intensities for voXels in the one or more portions. 


